Zinc oxide nanostructured films produced via anodization: A rational design approach by Ramirez Canon, Anyela et al.
        
Citation for published version:
Ramirez Canon, A, Miles, D, Cameron, PJ & Mattia, D 2013, 'Zinc oxide nanostructured films produced via
anodization: A rational design approach' pp. 323. https://doi.org/10.1039/C3RA43886D
DOI:
10.1039/C3RA43886D
Publication date:
2013
Document Version
Early version, also known as pre-print
Link to publication
University of Bath
General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
Download date: 07. Dec. 2019
D
ra
ft 
- p
le
as
e 
re
fe
r t
o 
pu
bl
is
he
d 
ar
tic
le
 o
nl
y 
fo
r d
et
ai
ls
 a
nd
 d
at
a
 
 
 
 |  1 
Zinc oxide nanostructured films produced via anodization: A rational 
design approach  
Anyela Ramirez-Canon,
 a
 David Miles,
a
 Petra Cameron,
b
 and Davide Mattia
c*
 
 
 5 
Nanostructured zinc oxide films were produced through anodization of zinc foil by using different 
electrolytes at different voltages, temperatures and over different time periods. The ZnO films were 
characterised by studying their surface morphology using FESEM, crystal structure using XRD, wetting 
behaviour through contact angle measurement, and also measuring the profile of the ZnO layer and band 
gap. Results show that the type of electrolyte and its concentration determine the morphology and size of 10 
the nanostructures. Voltage, time and temperature affect the distribution and density of the nanostructures 
along the surface. The band gaps of the films were in the range of 3.27 to 3.50 eV. Although ZnO is a 
hydrophilic material, some of the films display hydrophobic and super-hydrophobic behaviour. The data 
obtained in this study was combined with literature studies and used to devise design guidelines to obtain 
ZnO films with specific nanostructures and macroscopic properties by controlling the anodization 15 
parameters. 
Introduction 
Zinc oxide (ZnO) exhibits a promising combination of a direct 
band gap of 3.37eV, piezoelectric properties and high stability of 
excitons.1,2 The former makes ZnO a potential candidate for light 20 
emission applications,3 whilst the combination of the other 
properties is useful to develop optoelectronic and sensor 
devices.4–6 In terms of its photocatalytic properties, ZnO has been 
widely studied for different uses, such as self-cleaning paints,7 
cosmetics, sun creams and for the photo-degradation of organic 25 
molecules.8  
Several techniques for the production of nanostructured ZnO 
films have been reported in the literature, including chemical 
vapour deposition,9,10 epitaxial growth,11 electrodeposition,12 and 
anodization.13–17 Through these methods diverse nanostructures 30 
such as nanowires, nanorings, nanoflakes, nanoneedles, 
nanocages and nanospheres have been produced.18 Although 
different studies on the production of zinc oxide nanostructures 
using these methods have been carried out, the mechanism that 
controls the shape and sizes of nanostructures is still not well 35 
understood. 
Among these techniques, anodization holds great promise in that 
it allows a large variety of morphologies to be obtained. Through 
this electrochemical process it is also possible to control the size 
and density of the nanostructures by modifying the type of 40 
electrolyte, voltage, temperature and reaction time.  Some of the 
nanostructures obtained through different studies by anodizing Zn 
include: nanoporous-like structures,12 nanoflakes,13,19 microtip,16 
stripe-like nanostructures,18 nanocrystals,21 nanoparticles,22 
nanoflowers,23  nanoneedles,23,24 and nanowires.20,25,26 Although 45 
some preliminary work to understand the effect of experimental 
conditions on the structures’ morphology has been done, there 
has been no systematic investigation of the effect of voltage, 
temperature, electrolyte type and concentration, and reaction time 
on film morphology, with several publications looking only at 50 
particular sub-sets of each parameter.15,20 Furthermore, only few 
of these studies have included analysis of mechanical, optical, 
and surface properties.21  
 
In this study a systematic comparative analysis was carried out by 55 
producing ZnO nanostructured films using six different 
electrolytes, two of which have not yet been reported in the 
literature. The effect of voltage, temperature, reaction time and 
electrolyte concentration on the morphology of ZnO 
nanostructures was studied. The wetting behaviour, crystallinity 60 
and band gap of the obtained films were also investigated. Some 
of the obtained films showed hydrophobic and super-hydrophobic 
behaviour. Hydrophobicity has been attributed to high surface 
roughness and to low surface energy.15 The hydrophobicity of 
ZnO nanostructures obtained through hydrothermal synthesis27 65 
and magnetron sputter deposition has been reported previously,28–
31 However, ZnO super-hydrophobic surfaces obtained by 
anodization have not been reported before.  The results obtained 
in this study have been correlated to the synthesis parameters, 
leading to formulation of rational design guidelines for ZnO 70 
nanostructure formation via anodization.  
Experimental 
Synthesis  
ZnO nanostructured films were produced using an anodization 
method. High purity zinc foil (99.98%, 0.25mm thickness, Alfa 75 
Aesar) was cut into pieces of 1.0 cm by 1.5 cm and used as the 
starting material. In a typical experiment, the zinc foil was 
annealed in air at 300 °C (CWF1100, Carbolite) for one hour, 
followed by a cleaning process with acetone (HPLC grade, 
99.5+%, Fisher) in an ultrasonic bath for 10 minutes. Before 80 
anodization, the samples were electro-polished by applying 20 V 
for 15 minutes in an electrolyte solution of ethanol (>99.8%, 
Sigma Aldrich) and perchloric acid (60-62 %, Alfa Aesar) in a 
volumetric ratio of 1:2.  Anodization was performed in a 2-
electrode cell with 8 mm spacing, using the electropolished zinc 85 
foil as the anode and stainless steel (SS316 grade) as the cathode. 
Different types of ethanolic solutions were used as electrolytes 
i.e. orthophosphoric acid (H3PO4, 85%, Alfa Aesar), nitric acid 
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(HNO3, 65%, Sigma Aldrich), hydrochloric acid (HCl, 37% 
solution, Acros Organic), oxalic acid (H2C2O4, 98%, Acros 
Organic), sodium hydroxide (NaOH, 1M volumetric solution, 
Fisher), and an aqueous solution of potassium bicarbonate 
(KHCO3, 99.99% Powder, Sigma Aldrich). For each electrolyte, 5 
the electrochemical experiments were carried out at two different 
voltages (1 V and 40 V) provided by a DC power supply (Agilent 
E3634A); two concentrations of electrolyte (0.1M and 1M) and 
time (1 minute and 1 hour). The temperature of the electrolyte 
was kept constant throughout anodization (0 °C or 10 °C) using a 10 
water cooled bath (Thermo Scientific). Once anodization was 
complete, the samples were thoroughly rinsed with ethanol and 
deionized water and dried for 36 hours in a vacuum desiccator at 
2x10-3 mbar (Bio Rad – Microscience Division). Subsequently, 
the films were stored in a desiccator cabinet for further analysis.  15 
 
Characterization  
 
The surface morphology of each film was observed using a JEOL 
6301F field emission scanning electron microscope (FESEM) and 20 
a JEOL JSM6480LV scanning electron microscope (SEM) 
equipped with an energy dispersive X-ray spectrometer (EDX, 
Oxford, ONCA x-ray analyser, Oxfordshire, UK).  The wetting 
behaviour was examined by means of contact angle measurement 
using an Optical Contact Angle Measuring device with automatic 25 
dosing system (OCA-5, Dataphysics, Gerhard UK). A 2μL drop 
of deionised water was dropped on the surface and contact angles 
were measured at 3 different points for each film. The crystal 
structure was studied using an X-ray diffraction system (Philips 
Xray generator – PW 1710 diffractometer) set in flat plate mode 30 
and the measurements were carried out between 2θ values of 0° 
and 100°. Band gap measurements were obtained by measuring 
the UV-visible absorbance spectra of the ZnO films using a UV-
visible photospectometer (Ocean Optics, USB2000+UV-VIS, 
Florida, USA) set in reflectance mode, using electro-polished Zn 35 
foil as a blank. Profiles of the ZnO surface were acquired using a 
surface profiler (Veeco Metrology – Dektak 6M) set with a range 
of 2620 KÅ and a length of 1000μm.  
 
Data Analysis 40 
 
The main parameters in the anodization of Zn are the type and 
concentration (C) of the electrolyte, the applied voltage (V) across 
the cell, the temperature (T) of the electrochemical bath and the 
anodization time (t). A parametric analysis combining the ZnO 45 
nanostructures developed in this work and those from previous 
literature studies was conducted to elucidate which combination 
of C, V, T and t will give a certain nanostructure. Although 
temperature affects the morphology of the formed nanostructures, 
a large number of publications have reported this parameter only 50 
as ‘room temperature’; as such, it was not possible to include 
temperature effects in all of the analysis. As different types of 
electrolytes at different concentrations have been used in the 
literature, the pH of those solutions has been measured to offer a 
common analysis framework.  55 
For the morphology analysis, ZnO nanostructures developed in 
this work and those already published in the literature have been 
classified in six groups as follows: 
 smooth – no nanostructure 
 pitting – corrosion 60 
 aligned arrays of 1D nanostructures– nanowires, 
nanoneedles, nanorods 
 2D – nanoplatelets, nanoflakes 
 3D arrangement – interpenetrated nanostructures 
 65 
For the wetting behaviour analysis, results of contact angles of 
the ZnO films obtained were classified into three large groups: 
 Hydrophilic surface (Contact angle < 90°) 
 Hydrophobic surface (Contact angle ≥ 90° and ≤ 120°) 
 Super-hydrophobic surface (Contact angle > 120°) 70 
 
For the profile analysis, ZnO films were classified as follows: 
 ZnO layer predominantly concave  
 ZnO layer predominantly flat 
 ZnO layer predominantly convex  75 
 
The results are shown in graphical form and guidelines are 
provided in the results section. The graphical analysis of the data 
was processed using MATLAB® 11 software. 
Results and Discussion 80 
 
Structure and morphology 
As a result of the anodization process, the formation of a white 
layer of ZnO on the Zn foil occurred. Its composition was 
confirmed by Energy Dispersive X-ray analysis (EDX). The 85 
crystallinity of the films obtained was examined by XRD. Results 
show that films obtained after anodization, with no post-
annealing treatment, contain a combination of amorphous and 
crystalline ZnO (Fig. S1a). Post-annealing treatment results in 
increasing crystallinity which is in agreement with other studies 90 
involving postannealing treatment on nanostructures (Fig. S1b).32 
For the latter, XRD patterns revealed a wurtzite crystal structure. 
The strong intensity of the signal from the 002 plane in all 
samples indicates a strong orientation of the crystal to the c-axis 
direction. XRD patterns showed also a strong peak on the plane 95 
101 for ZnO, However this peak corresponds mainly to the plane 
002 for Zn where these two planes overlap. Similar results have 
been reported for ZnO nanostructures obtained with different 
electrolytes.14,22,26  
During anodization, two competing processes resulted in the 100 
formation of ZnO nanostructures: the first was the formation of a 
Zn ion (Zn2+) and further oxidation to ZnO; simultaneously, the 
newly formed ZnO is re-dissolved in solution. Tuning of the 
anodization parameters allowed control of the two processes, 
leading to the presence or absence of nanostructures and, in the 105 
former case, control over their morphology and properties.33,34 
The general reaction scheme for the anodization of zinc can be 
represented as follows:  
 
Anodization 110 
 
At the cathode: 
2H+ + 2e- → H2(g)                (1) 
At the anode: 
Zn → Zn2+ + 2e-                     (2) 115 
Zn2+ + 2OH- → Zn(OH)2       (3) 
Zn(OH)2  → ZnO + H2O        (4) 
Dissolution 
ZnO + HX* → ZnX* + H2O   (5)
 
 120 
ZnO films showed different profiles that vary from convex to 
concave (Figure 1). These profiles are formed as a result of 
competition between oxide formation and dissolution, suggesting 
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 3 
also that the growth of the nanostructures is not homogeneous 
along the Zn foil surface, and potential external factors such as 
stirring can also affect the formation of the ZnO layer. 
Fig 1.  Surface profile of ZnO films produced at different anodization 
conditions: Convex profile (red line) film obtained using HNO3 (0.1 M, 1 5 
V, 1 min, 10 °C); flat profile (lilac line) film obtained using H2C2O4 (0.1 
M, 40 V, 1 min, 10 °C); concave profile (purple line) film obtained using 
H3PO4 (0.1 M, 1 V, 60 min, 10 °C). 
Effect of the type and concentration of electrolyte on film 
morphology  10 
 
Figure 2 displays the FESEM micrographs of the film surfaces 
obtained in this study for different electrolytes. These suggest that 
the shape of the nanostructures is determined mainly by the type 
of electrolyte used and its concentration. Flake-like 15 
nanostructures were obtained using H3PO4; nano-flower-like 
structures were obtained using HCl, NaOH, H2C2O4, and HNO3; 
nanorods and nanowires were obtained with KHCO3 as the 
electrolyte. Nanostructures with the largest sizes were obtained 
using KHCO3 and HNO3 at 0.1 M with an average size of 100 20 
nm, whilst the smallest nanostructures were found in the films 
obtained using NaOH and H3PO4, also at low concentration 
(0.1M). 
Concentration plays an important role in the final size of the 
nanostructure: A high concentration of electrolyte involves a 25 
higher concentration of the zinc ion  (Zn2+) and a high 
concentration of hydroxyl groups (OH-) available for producing 
ZnO (Eq.s 2 and 3). Low concentrations lead to the formation of 
well-defined nanostructures while higher concentrations result in 
denser nanostructures and, therefore, thicker ZnO layers are 30 
produced. For all electrolytes investigated increasing the 
concentration results in a higher surface density of nanostructures 
(Figure 3).  
Fig 2. SEM micrographs of morphologies obtained with different electrolytes: a) H3PO4 (1 M, 40 V, 1 min, 10 °C); b) HNO3 (1 M, 1 V, 1 h, 10 °C); c) 
HCl (0.1 M, 40 V, 1 h, 10 °C); d) H2C2O4 (0.1 M, 1 V, 1 h, 10 °C); e) NaOH (0.1 M, 40 V, 1 h, 10 °C); f) KHCO3 (1 M, 1 V, 1 h, 10 °C) 35 
Effect of voltage on film morphology   
Similarly to the effects of high concentration, a high voltage (40 
V) leads to an increase in the concentration of Zn2+ during 
anodization and, therefore, a higher production rate of ZnO than 
at low voltage (1 V), resulting in dense nanostructures (Figure 4). 40 
The increase in nanostructure surface density can be observed by 
comparing the films obtained at 1 V to those obtained at 40 V for 
0.1M (Figure 4a, 4b, and 4c) or 1M (figure 4d). This 
phenomenon is more pronounced for films produced with HNO3, 
NaOH and HCl.  45 
For H2C2O4 and H3PO4, the use of a high voltage resulted in 
pitting of the ZnO layer even at a low concentration. For KHCO3, 
an anodization voltage of 40 V leads to formation of linked or 
interpenetrated structures. From SEM observations, it is 
speculated here that these structures might be the result of 50 
nanowires bending beyond a certain length and tangling with 
adjacent wires. This phenomenon might not occur with other 
electrolytes due to significantly shorter length of the formed 
nanostructures. 
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Fig 3.  SEM micrographs of morphologies obtained at 1 V, 10 °C, for 1 
minute, with different electrolytes at 0.1 M (left) and 1 M (right):  a) 
H2C2O4 ; b) KHCO3; c) H3PO4; d) HCl. 
Fig 4.  FESEM Images of morphologies obtained at  10 °C, for 1 hour, 
with different electrolytes at two different voltages 1 V (left) and 40 V 5 
(right):  a) KHCO3 (0.1M); b) HCl (0.1M); c) NaOH (0.1M); d) KHCO3 
(1M). 
 Effect of temperature on film morphology   
In general the influence of temperature varies between 
electrolytes.  For acidic electrolytes, temperature appears to have 10 
a significant effect on the nanostructure morphology only for low 
values of the anodization voltage and electrolyte concentration. 
For higher values of voltage, concentration and time, the 
influence of these parameters is predominant over temperature. 
Films obtained with H3PO4 at 0 °C showed dense morphologies 15 
without well-defined structures. Anodization with HNO3 at low 
voltage (1 V) and low temperature (0 °C) resulted in a modest 
increase in the amount of nanostructures per unit area, with 
smaller sizes compared to those produced at 10 °C. However, at 
high voltage no significant differences were observed. 20 
Temperature does not have a significant influence on 
nanostructures obtained with NaOH at 1 V, but at 40 V the 
reduction of temperature results in an almost featureless surface. 
Low temperature (0 °C) anodization with HCl electrolyte resulted 
in the formation of denser morphologies with non-homogenous 25 
nanostructures shapes. Similar morphologies were obtained at 0 
°C and 10 °C with C2H2O4. Films obtained at 0 °C with KHCO3 
and 1V are comprised of thicker nanowires than those produced 
at 10 °C. However, at high voltage it appears that the etching 
process dominates, leading to the complete dissolution of the Zn 30 
substrate.  
Fig 5. SEM micrographs of morphologies obtained at 10 °C and over two 
different time periods: 1 minutes (left) and 60 minute (right):  a) HCl (1 
M, 1 V); b) H2C2O4  (0.1 M, 1 V); c) KHCO3 (0.1 M, 1 V); d) KHCO3     
(1 M, 40 V). 35 
 
Effect of time on film morphology   
 
The effect of the anodization time on the morphology is more 
complex: In general nanostructures produced over a longer time 40 
period are denser. This effect is the result not only of each feature 
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 5 
growing larger but also of a structuring of those features, with the 
formation of 3D interpenetrated structures (Figure 5). This effect 
is more pronounced at higher electrolyte concentrations, where 
there are more Zn2+ ions available, as discussed earlier. 
 5 
Wetting Behaviour 
Contact angles measured in this study varied from 20º to 157º    
(± 2º). Nanorods and nanowires obtained with KHCO3 showed 
the highest contact angles values with a maximum of 152º and a 
minimum of 125º.  This result agrees with other studies in which 10 
nanorod-like structures produced by different methods also 
exhibited hydrophobic and super-hydrophobic behaviour.31 High 
contact angles (> 120º) were also obtained with other electrolytes 
at certain conditions, i.e. H3PO4 (0.1 or 1 M, 40V, 1 h, 0 °C; 
HNO3 (0.1 or 1 M, 1 V, 1 min 10 °C); HCl (0.1 or 1 M, 1 or 40 V, 15 
1 h, 10 °C); NaOH (0.1 M, 40 V, 0 or 10 °C). 
 
 
 
 20 
 
 
 
 
 25 
 
 
 
 
 30 
 
 
Given the large variety of structures of the ZnO films produced, 
their wetting behaviour can be analysed using the Cassie-Baxter 
and Wenzel models (Figure 6).35,36 Nanostructures with a high 35 
aspect ratio, such as those obtained with KHCO3 (Figure 6a) are 
assumed to behave according to the former model, with air 
trapped between the vertically aligned structures. Lower aspect 
ratio structures tend to have lower contact angles, though still in 
the hydrophobic and super-hydrophobic range, following 40 
Wenzel’s model (Figure 6b – 6d). Smaller, less organized or less 
well-defined nanostructures, on the other hand, exhibit low 
contact angles, closer to the value for smooth ZnO films.24 
 
Contact angle values were maintained when measurements were 45 
repeated on samples stored in a dry box for several days. On the 
other hand, samples left in air exhibited a substantial decrease in 
the measured contact angle due to the absorption of humidity 
form the atmosphere, as observed for other ZnO super-
hydrophobic structures.32 50 
 
 
 
 
 55 
 
 
 
 
 60 
 
 
Fig 6.  Contact angle and SEM micrographs of ZnO films exhibiting different wetting behaviours for different anodization conditions: a) KHCO3 (1 M, 1 
V, 1 min, 10 °C); b) HNO3 (0.1 M, 1 V, 1 h, 10 °C); c) H2C2O4 (0.1 M, 1 V, 1 h, 10 °C); d) HNO3 (1 M, 40 V, 1 min, 10 °C); e) NaOH (0.1 M, 1 V, 1 h, 
0°C); f) H2C2O4 (0.1 M, 40 V, 1 h, 10 °C).  65 
 
 
 
 
Band Gap measurements 70 
The band gap of the ZnO films was measured through UV/Vis 
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absorption spectroscopy. No direct relationship was found 
between the intensity of the energy absorbed and the anodization 
conditions. ZnO films obtained using NaOH displayed the 
highest absorbance intensity (Figure S2) followed by films 
obtained with HNO3; both films show a flower-like morphology 5 
with low surface density. On the other hand, ZnO films produced 
with KHCO3, which have nanowire morphology, showed the 
lowest absorbance intensity, even though these were the thickest 
films produced in this study. These differences of absorbance 
intensity might also be attributed to scattering of the light by the 10 
nanostructures during the measurement.    
 
The band gap exhibited by bulk ZnO is 3.37 eV.23 Results 
obtained through this study showed band gap energies in the 
range of 3.27 to 3.50 eV.  Films obtained with H2C2O4 and 15 
KHCO3 displayed the highest band gap energy; those films           
also showed the largest and densest nanostructures. Smaller, less 
dense nanostructures tend to have lower band gaps. Nonetheless, 
the differences in bad gap observed are within experimental error 
and therefore can be attributed to scattering effects due to the 20 
different film morphologies.  
 
Rational design guidelines for controlled formation of ZnO 
nanostructures via anodization  
 25 
Morphology of ZnO surfaces   
The competition between formation and dissolution of ZnO is 
responsible for the formation of different types of nanostructures 
(Equations 1-5). These processes are strongly affected by the type 
of electrolyte and its concentration, current density, temperature 30 
and reaction time. Furthermore, as a multivariable process, any 
analysis must be done taking into account simultaneously all 
these variables. Figure 7a shows a 3D plot of different 
morphologies obtained with different electrolytes at different 
concentrations and, therefore, different pH, from data produced in 35 
this study and values obtained from literature.  The colour of the 
dots represents the type of morphology. To simplify the analysis 
without omitting a third variable, Figure 7a was rotated (Figure 
7b and 7c) to better visualise the distribution of the different 
morphologies for different pH, voltage and time. As discussed, 40 
temperature could not be included in this analysis due to the lack 
of detailed information in the literature. 
 
The distribution of colours in Figure 7b and 7c confirms that pH 
and, therefore, electrolyte concentration, has the strongest 45 
influence over the type of morphology obtained during 
anodization. At low and high pH, 2D nanostructures (orange 
dots) are predominant.  1D nanostructures, such as nanowires and 
nanorods, have been obtained only in the range of neutral pH 
(green dots). Although the production of 1D and 2D 50 
nanostructures seems to be possible at different voltages and over 
different time periods, the majority of the studies have been 
focused on anodization at voltages lower than 20 V for time 
periods of less than 1 hour. Featureless films or films with un-
structured rough surface (dark blue dots) have been obtained 55 
mainly at low pH and high voltage for different reaction times. 
This can be attributed to the dissolution mechanism dominating 
the ZnO nanostructures formation. In fact, anodization at high 
electrolyte concentration, high voltage and long periods of time, 
resulted in a featureless film for most electrolytes. Pitting and 60 
corrosion (light blue dots) are more common at low pH and high 
voltage. 
3D interpenetrated nanostructures (red dots) can be obtained at 
any pH for medium-to-long times, as they are the result of a 
structuring of 1D or 2D nanostructures over time. 65 
Fig 7. 3D plot of  ZnO films obtained by anodization at different experimental conditions
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Contact Angle 
The films’ wetting behaviour is primarily related to the surface 
morphology, which is determined by the anodization conditions. 
For this analysis, data was plotted using a mirror-like plot, 
yielding the visualization of 8 possible combinations of 5 
experimental conditions (Figure 8a). This allows simultaneous 
comparison of the effect of voltage, pH, and temperature (Figure 
8b); or voltage, pH, and time (figure 8c). Results suggest that a 
low pH and high voltage (40 V) favour the formation of super-
hydrophobic surfaces (red dots) for all investigated temperatures. 10 
 
Super-hydrophobic surfaces also predominate at neutral pH 
where the common morphology found is aligned 1D 
nanostructures, independent of the voltage, time or temperature. 
On the other hand, at low pH and low voltage (1 V) ZnO 15 
nanostructured surfaces tend to be more hydrophilic. The effect 
of time on the wetting behaviour of the ZnO nanostructures 
seems to be negligible at low voltage (1 V): By comparing, for 
each pH value, the lower middle row (Low V/High T) with the 
upper middle row of dots (Low V/Low T) similar values of 20 
contact angles are observed regardless of the anodization time. 
High voltage and longer times (top row) lead to super-
hydrophobic surfaces being formed. 
 
Fig 8. Wetting behaviour of ZnO films obtained by anodization at different experimental conditions. 25 
 
Conclusions 
In conclusion, the morphology and properties of ZnO films 
obtained by anodization can be controlled through the synthesis 
conditions. The shape of the nanostructures is determined mainly 30 
by the type of electrolyte, while the nanostructure surface density 
increases with concentration, voltage and time. The latter 
experimental condition also determines the size of nanostructures, 
leading to the formation of 3D interpenetrated nanostructures 
once the nanostructures reach a certain length. The effect of 35 
temperature varies with the electrolyte, where acids at low 
temperatures reduce the formation of nanostructures 
considerably. Dense and well-aligned nanostructures with high 
aspect ratio display high contact angles, while low aspect ratios 
and less ordered surfaces show smaller contact angles, forming 40 
hydrophilic surfaces. 
 
From these results the following design guidelines can be 
devised:  
 45 
- 1D aligned arrays, usually (super-) hydrophobic, are mainly 
obtained at near neutral pH regardless of voltage and time. 
- 3D arrays (hydrophobic and hydrophilic) are formed for long 
reaction times, regardless of the pH and the voltage. 
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- 2D arrays can be formed at low and high pH regardless of the 
voltage and time. However, 2D arrays formed at high pH display 
hydrophobic behaviour only at high voltage.  
- The anodization conditions where corrosion and pitting are 
more common are low pH, high voltage and long-time reaction.  5 
Detailed effects for each parameter combination can be found in 
Table S1. 
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